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ABSTRACT 

The purpose of t h i s  paper  i s  t o  assess, p r i o r  t o  
a s p e c i f i c  p l a n e t a r y  mission,  t h e  requirements  f o r  n a v i g a t i o n a l  
d a t a  necessary f o r  a h igh  level of  confidence i n  t h e  success  of  
t h e  naviga t ion  and guidance a s p e c t s  of t h e  miss ion .  

A range of  manned and unmanned miss ions  is  reviewed, 
i nc lud ing  t h e  Grand Tours,  t o  assess t h e s e  requirements  and 
t h e  degree t o  which they  can be m e t  by p r e c u r s o r  miss ions .  
Unless t h e  accuracy i n  measuring t h e  speed of l i g h t  can be 
improved d r a s t i c a l l y ,  t h e  convent ional  ear th-based r a d a r  
ranging  cannot improve t h e  accu rac i e s  of t h e  ephemerides and 
as t ronomica l  u n i t s  any f u r t h e r .  Unmanned f l y b y  miss ions  are 
e f f e c t i v e  s t e p s  toward improving t h e  accu rac i e s  i n  t h e  deter- 
minat ion of t h e  mass of  t h e  t a rge t  p l a n e t  and + h e  as t ronomica l  
u n i t .  O r b i t e r  missions can improve t h e  a c c u r a , y  i n  de te rmining  
(a )  t h e  t a r g e t  p l a n e t  g r a v i t a t i o n a l  f i e l d  d i s t r i b u t i o n ,  (b)  t h e  
as t ronomica l  u n i t ,  (c)  t h e  ephemerides of t h e  : -arget  p l a n e t  and 
t h e  e a r t h ,  (d) t h e  t a r g e t  p l a n e t  r a d i u s ,  and ( e )  t h e  comprehen- 
s ive  atmospheric p r o f i l e  and composition. 

Spacecraft-based approach naviga t ic i l  systems f o r  
unmanned p lane ta ry  exp lo ra t ion  are p r e f e r a b l e  IJut n o t  mandatory, 
excep t  f o r  c e r t a i n  swingby miss ions .  For manned p l a n e t a r y  
miss ions ,  t h e  spacecraf t -based autonomous approach n a v i g a t i o n a l  
system appears t o  be mandatory i n  an e f f o r t  t o  i n c r e a s e  miss ion  
r e l i a b i l i t y  and s a f e t y  through redundancy. 

The spacecraf t -based approach nav iga t ion  system could 
be based e i t h e r  on t h e  TV concept of t a k i n g  t a r g e t  p i c t u r e s  
wi th  a s t a r  background o r  on t h e  ce l e s t i a l  nav iga t ion  concept  
of space angle  measurements. The accuracy requirement  f o r  
c e l e s t i a l  angle  measurements i s  roughly s i x  arc  seconds ( th ree -  
sigma) f o r  o u t e r  p l a n e t  missions and less (about one arc minute) 
f o r  Mars and Venus missions.  
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MEMORANDUM FOR F I L E  

I. INTRODUCTION 

The purpose of  t h i s  paper  i s  t o  a s s e s s ,  p r i o r  t o  a 
s p e c i f i c  p l ane ta ry  mission,  the  requirements fo r  n a v i g a t i o n a l  
d a t a  necessary f o r  a high l e v e l  of  confidence i n  t h e  success  
of t h e  naviga t ion  and guidance a s p e c t s  of t h e  mission.  

For t h e  Apollo mission, t h e  deep space network ( D S N )  
t r a c k i n g  system u t i l i z i n g  a coherent  two-way doppler  l i n k  be- 
tween t h e  e a r t h  and t h e  s p a c e c r a f t  i s  adequate. For c e r t a i n  
p l m e t a r y  miss ions ,  t h e  accuracy of s p a c e c r a f t  navigation m a y  
p lay  a key role i n  mission success. The ear th-based doppler  
t r a c k i n g  system a lone  may not  m e e t  t h e  nav iga t ion  requirements  
of c e r t a i n  missions t o  o u t e r  p l a n e t s ,  mainly because of  t h e  
p r e s e n t  u n c e r t a i n t i e s  i n  ephemerides and phys ica l  c o n s t a n t s  
and t h e  t r a c k i n g  s t a t i o n  time s i g n a l  d r i f t  over t h e  long round- 
t r i p  s i g n a l  t ransmiss ion  delay. Radar ranging of the i n n e r  
p l a n e t s  t oge the r  wi th  t h e  information obta ined  from completed 
miss ions  t o  Venus and Mars have made t h e i r  p o s i t i o n a l  uncer- 
t a i n t y  n e g l i g i b l e  f o r  naviga t ion  purposes.  On miss ions  t o  
o u t e r  p l a n e t s  i t  appears ,  however, t h a t  a supplementary navi- 
g a t i o n  system i n  a d d i t i o n  t o  t h e  earth-based DSN naviga t ion  
system may be d e s i r a b l e ,  because (1) d i r e c t  r a d a r  ranging t o  
o u t e r  p l a n e t s  i s  a t  p r e s e n t  imprac t i ca l  due t o  t h e  l a r g e  d i s -  
t a n c e s  and t h e  unknown b u t  presumably s t r o n g  atmospheric 
abso rp t ion ,  [ I3  
p l a n e t s  i n c r e a s e  a t  a rate p ropor t iona l  to t h e  d i s t a n c e  between 
t h e  e a r t h  and p l a n e t .  

( 2 )  t h e  p o s i t i o n a l  u n c e r t a i n t i e s  of t h e  o u t e r  

Earth-based naviga t ion  can y i e l d  accu ra t e  informat ion  
on the  p o s i t i o n  of a s p a c e c r a f t  re la t ive  to t h e  e a r t h ,  b u t  t h e  
accuracy of the p o s i t i o n  o f  t he  p l a n e t  wi th  r e s p e c t  to t h e  e a r t h  
i s  l i m i t e d  by the u n c e r t a i n t i e s  of the phys ica l  model of  t h e  
solar  system. 
t h e  p l a n e t  i s  t h e r e f o r e  a l so  l i m i t e d  by the  p l a n e t a r y  p o s i t i o n  
u n c e r t a i n t i e s  i f  an  earth-based nav iga t ion  system a lone  i s  used. 
One way t o  circumvent the  unce r t a in ty  i n  t h e  a c t u a l  p o s i t i o n  of 
a t a r g e t  p l a n e t  is  t o  use some kind  of supplementary spacec ra f t -  
based naviga t ion  re la t ive t o  t h e  t a r g e t  p l a n e t .  The purpose of 
swi tch ing  t h e  naviga t ion  re ference  p o i n t  from t h e  Sun or  e a r t h  

The p o s i t i o n  of a s p a c e c r a f t  w i th  r e s p e c t  t o  
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t o  t h e  t a r g e t  p l a n e t  dur ing  t h e  approach phase (de f ined  he re  
as t h e  t r a n s i t i o n  phase between t h e  h e l i o c e n t r i c  t r a n s f e r  
e l l i p s e  and t a r g e t  p l a n e t  hyperbola) i s  t o  e l i m i n a t e  t h e  navi- 
g a t i o n  errors due t o  the  u n c e r t a i n t i e s  i n  t h e  as t ronomica l  
u n i t  and t h e  ephemeris of  t h e  p l a n e t .  I n  a d d i t i o n ,  t h e  
swi tch ing  of t h e  r e fe rence  po in t  a l so  removes t h e  errors due 
t o  imperfec t  v e l o c i t y  c o r r e c t i o n s  and t h e  p e r t u r b a t i o n  errors 
due t o  t h e  long-term s o l a r  pressure  and a t t i t u d e  c o n t r o l  system 
l e a k s  dur ing  t h e  long h e l i o c e n t r i c  phase. I n  an a t t empt  t o  
achieve an o r d e r l y  comparison scheme i n  data  a c q u i s i t i o n  re- 
quirements f o r  a l l  types  of p l ane ta ry  miss ions  w e  f i r s t  
c l a s s i f y  unmanned missions i n t o  (1) f l y b y ,  ( 2 )  o r b i t i n g ,  
( 3 )  t a r g e t i n g  or landing ,  and ( 4 )  swingby. T h e  d i f f e r e n c e s  
i n  requirements  fo r  manned and unmanned missions w i l l  then be 
d iscussed .  

11. DATA A C O U I S I T I O N  REOUIREMENTS COMPARISON 

(1) Flyby Miss ions :  

A conserva t ive  es t imate  of t h e  DSN nav iga t ion  ac- 
curacy i n  t h e  1970's i s  i n  the neighborhood of m/sec 
for  , range- ra te  ( a t  one sample p e r  minute) and 1 0 m  f o r  range. 
The ear l ier  f lyby  missions t o  Venus and Mars, Mariner I1 
and I V ,  d e l i v e r e d  t h e  s p a c e c r a f t s  w i th in  a f e w  thousand 
ki lometers  of the aiming p o i n t s .  Recent r a d a r  ranging of 
t h e  i n n e r  p l a n e t s  and p o s t f l i g h t  ana lyses  of DSN t r a c k i n g  
data of previous p l ane ta ry  flyby missions have decreased 
t h e  p o s i t i o n  u n c e r t a i n t i e s  of  t h e  i n n e r  p l a n e t s  t o  t h e  order of  
of 10 km. I t  w a s  expected t h a t  t he  Mariner Mars 69 f lyby  
s p a c e c r a f t s  would be de l ive red  wi th in  a 1 0 0  x 250  k m  (3-sigma) 
e l l i p s e  [ 2 1  of t h e  t a r g e t  aim po in t  ( t h e  impact pa rame te r ) ,  
wi thout  t h e  use of spacecraf t -based measurements*. If t h e  
a n t i c i p a t e d  one-sigma u n c e r t a i n t i e s  i n  t h e  A.U. and t h e  
ephemerides are, r e s p e c t i v e l y ,  1 0 0  km and 0.3 arc  sec, t h e  
axes of  3-sigma d i spe r s ion  e l l i p s o i d s  a t  t h e  t a r g e t  a i m  
p o i n t  dur ing  oppos i t ions  f o r  ou te r  p l a n e t s  are approximately 
as shown i n  T a b l e  I. 

Prel iminary s t u d i e s  [3-41 appear t o  i n d i c a t e  t h a t  a 
d i r e c t  f lyby  mission of a f i r s t  genera t ion  probe f o r  precursory  
e x p l o r a t i o n  of J u p i t e r ,  Sa turn ,  Uranus, or Neptune can be con- 
ducted wi th  t h e  earth-based navigat ion and guidance a lone  i f  
d i s p e r s i o n s  of t h e  o rde r  i nd ica t ed  on Table I can be tolerated. 

*Preliminary JPL  p o s t - f l i g h t  ana lyses  i n d i c a t e  t h a t  a 
one-sigma d i spe r s ion  e l l i p s e  of 70 x 170 km i s  obta ined  by 
us ing  t h e  t r a c k i n g  d a t a  between five-day be fo re  encounter  
and four-hour be fo re  encounter.  
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I n  a f lyby  mission it i s  t h e o r e t i c a l l y  p o s s i b l e  t o  
reduce t h e  s i z e  of e r r o r  d i spe r s ions  wi thout  t h e  a i d  o f  space- 
c ra f t -based  measurements a t  t h e  expense of  i n c r e a s i n g  t h e  r a t io  
of corrective f u e l  loading  t o  to ta l  payload. The ex t r a  correc- 
t i v e  maneuver c a p a b i l i t y  w i l l  b r i n g  t h e  s p a c e c r a f t  closer t o  
t h e  p r e s c r i b e d  p e r i a p s i s  vec tor  by us ing  t h e  ear th-based doppler  
nav iga t ion  d a t a  obta ined  during t h e  pe r iod  when t h e  s p a c e c r a f t  
e n t e r s  i n t o  t h e  e a r l y  t a r g e t  encounter  phase (def ined  h e r e  as 
t h e  r eg ion  from t h e  v i c i n i t y  of impact p o i n t *  t o  p e r i a p s i s ) .  
The ear th-based doppler  naviga t ion  data du r ing  t h e  h e l i o c e n t r i c  
phase and t h e  approach phase of t h e  t r a j e c t o r y  do n o t  y i e l d  
s i g n i f i c a n t  information on the a c t u a l  l o c a t i o n  of  t h e  target  
p l a n e t ,  whereas those  dur ing  t h e  encounter  phase of  t h e  t r a j e c t o r y  
do. Because t h e  s i g n i f i c a n t  bending e f f e c t  of  t h e  t a r g e t  p l a n e t  
on the s p a c e c r a f t  t r a j e c t o r y  dur ing  t h e  encounter  phase causes  
r a p i d  v e l o c i t y  changes, t h e  p a r t i a l  d e r i v a t i v e s  of  t h e  range- 
rate wi th  r e s p e c t  t o  t h e  o r b i t  parameters  begin  t o  show l a r g e  
v a r i a t i o n s  and t h e r e f o r e  contain a l a r g e  informat ion  c o n t e n t  for 
o r b i t  determinat ion.  The accuracy of nav iga t ion  informat ion  wi th  
r e s p e c t  t o  t h e  t a r g e t  p l a n e t  thus g radua i iy  i n c r e a s e s  as t h e  
s p a c e c r a f t  comes closer t o  the ta rge t  p l a n e t  dur ing  t h e  e a r l y  
encounter  phase. The improvement i n  t h e  nav iga t ion  informat ion  
du r ing  t h e  pe r iod  enables  guidance c a l c u l a t i o n s  t o  p r e s c r i b e  t h e  
necessary  c o r r e c t i v e  maneuver t o  accomplish t h e  d e s i r e d  t e r m i n a l  
t r a j e c t o r y .  However, because of t h e  l a te  a p p l i c a t i o n  o f  t h e  
corrective maneuver i n  t h e  v i c i n i t y  of  t h e  t a r g e t  p l a n e t  t h e  
p r o p e l l a n t  requirements become excess ive .  I n  an a t tempt  t o  avoid 
t h e s e  excess ive  f u e l  requirements,  some k ind  of  supplementary 
spacecraf t -based  naviga t ion  s y s t e m  i s  d e s i r a b l e  i n  determining 
du r ing  t h e  approach phase t h e  a c t u a l  l o c a t i o n  of  t h e  t a r g e t  
p l a n e t  w i th  r e s p e c t  t o  t h e  s p a c e c r a f t .  Such a spacecraf t -based 
autonomous approach navigat ion system should reduce f u e l  r equ i r e -  
ments for  corrective maneuvers s u b s t a n t i a l l y ,  and p r a c t i c a l l y  
independent of t h e  magnitude of ephemeris u n c e r t a i n t y ,  i f  maneu- 
v e r s  can be app l i ed  dur ing  the  approach phase. 

An a n a l y t i c a l  comparison of ear th-based doppler  
nav iga t ion  and spacecraf t -based nav iga t ion  w a s  genera ted  L 5 1  f o r  
a Mars mission and t h e  curves of  F igure  1 r e p r e s e n t  one a x i s  
of t h e  error e l l i p s o i d  f o r  t he  three i n d i c a t e d  s i t u a t i o n s .  I t  
is  seen  t h a t  dur ing  most of t h e  t r i p  spacecraf t -based  nav iga t ion  
would prove i n f e r i o r  t o  ear th-based nav iga t ion  by a f a c t o r  of 
f i f t y  (note  t h a t  spacecraf t -based nav iga t ion  ins t ruments  used 
i n  t h e  s imula t ion  have one-sigma accurac i e s  on t h e  order o f  a 
minute of arc and i n c r e a s i n g  t h e  accu rac i e s  of t h e  ins t ruments  
should reduce t h e  f a c t o r ) .  Yet a t  a half-day from encounter ,  
a cross-over  t a k e s  p l ace  and spacecraf t -based nav iga t ion  i s  
b e t t e r  t han  ear th-based navigat ion.  

* I n t e r p r e t e d  here a s  t h e  i n t e r s e c t i o n  of t h e  a c t u a l  t r a j e c t o r y  
wi th  t h e  l i n e  i n  t h e  d i r e c t i o n  of t h e  impact parameter,  which i s  
t h e  closest d i s t a n c e  between the p l a n e t  and t h e  asymptote. 
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W e  conclude t h a t  it is d e s i r a b l e  f o r  f u t u r e  close 
f lyby  missions t o  o u t e r  p l a n e t s  t o  have a spacecraf t -based  
nav iga t ion  system i f  i t s  weight i s  comparable o r  less than  t h e  
weight  of  p r o p e l l a n t  t o  be saved. I n  a d d i t i o n  t o  p o s s i b l e  
t o t a l  payload sav ing ,  t h e  u s e  of spacecraf t -based nav iga t ion  
also i n c r e a s e s  overal l  p r o b a b i l i t y  of mission success .  
choice  of  such a spacecraf t -based approach nav iga t ion  system 
w i l l  be d iscussed  later.  

T h e  

An u n c e r t a i n t y  ‘ in  the  t a r g e t  p l a n e t  m a s s  w i l l  r e s u l t  
i n  a corresponding change i n  t h e  angle  0 between t h e  approach 
and d e p a r t u r e  asymptotes of t h e  target encounter  hyperbola.  
The change de can be 

de = 

expressed by t h e  fol lowing r e l a t i o n  : 

2b d u  -. 
2 2 - 4 + b  2 

VQ) IJ vu3 

where b i s  t h e  impact parameter,  
VQ) i s  t h e  asymptot ic  v e l o c i t y  of  t h e  t a r g e t  encounter  

IJ i s  t h e  g r a v i t a t i o n a l  parameter.  
hyperbola ,  and 

This r e l a t i o n  i s  shown pa rame t r i ca l ly  i n  F igure  2 
f o r  Mars, F igure  3 f o r  J u p i t e r ,  and Figure  4 f o r  Sa tu rn  f o r  
m a s s  u n c e r t a i n t i e s  shown i n  Table I. 

Since one o f  t h e  s c i e n t i f i c  o b j e c t i v e s  o f  p l a n e t a r y  
f lyby  missions i s  t o  improve t h e  accu rac i e s  of  t h e  m a s s  of t h e  
t a r g e t  p l a n e t  and t h e  astronomical  u n i t ,  f l yby  missions t h u s  
can a id  t h i s  impor tan t  nav iga t iona l  a s p e c t  o f  d a t a  a c q u i s i t i o n  
f o r  subsequent o r b i t e r  m i s s i o n s .  T h e  improved mass va lue  i n -  
creases t h e  p r o b a b i l i t y  t h a t  an orbi ter  w i l l  be i n s e r t e d  i n t o  
a p resc r ibed  o r b i t  w i thou t  ca r ry ing  excess ive  t r i m  p r o p e l l a n t .  

I n  pas s ing  w e  mention t h a t  t h e  accu rac i e s  of  t h e  mass 
de te rmina t ions  of Venus and Mars have been improved by t w o  t o  
t h r e e  o r d e r s  of  magnitude through ana lyses  o f  Mariner series 
nav iga t ion  measurements. The b e s t  estimate of t h e  mass of Venus 
i n  1 9 6 1 w a s  408,7000+1000 i n  u n i t s  o f  m a s s  r e c i p r o c a l  and i s  
p r e s e n t l y  408,52223 and t h a t  of Mars i n  1 9 6 1  w a s  2,090,000510,000 
and i s  p r e s e n t l y  2,098,7005100. I t  i s  expected t h a t  Mariner V I  
and V I 1  w i l l  improve t h e  Mars mass accuracy by ano the r  order of  
magnitude. Future  f lyby  missions t o  Mercury and o u t e r  p l a n e t s  
are expected t o  y i e l d  s i m i l a r  improvement i n  t h e i r  m a s s  va lues .  
Although t h e  p l a n e t a r y  r a d a r  bounce de lay  t i m e  i s  one of t h e  
m o s t  p r e c i s e l y  determined q u a n t i t i e s  and has  an estimated accuracy 
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of 1511 sec l 6 1  f o r  one astronomical  u n i t ,  i t s  conversion t o  
l e n g t h  u n i t s  depends c r i t i c a l l y  on t h e  accuracy of t h e  speed 
of  l i g h t ,  which has  an estimated accuracy about one p a r t  i n  
a mi l l i on .  Unless t h e  accuracy i n  measuring t h e  speed of  
l i g h t  can be improved d r a s t i c a l l y ,  * or p l a n e t a r y  o rb i t e r  
missions are c a r r i e d  o u t ,  t h e  accuracy of  t h e  as t ronomica l  
u n i t  w i l l  remain i n  t h e  100-200 k m  range. 

( 2 )  O r b i t e r  Missions: 

Orbi te r  missions are more complex than  f lyby  missions 
because o f  o rb i t  i n s e r t i o n  p r o p e l l a n t  loading  and s t r i n g e n t  
naviga t ion  and guidance requirements.  Typ ica l ly  one-half of 
t h e  weight  E 3 1  i n j e c t e d  from the e a r t h  w i l l  be used f o r  t h e  
p l a n e t a r y  o r b i t  i n s e r t i o n  propuls ion  system. The nav iga t ion  
and guidance requirements  o f  a p l a n e t a r y  o r b i t e r  mission d i c -  
t a te  t h a t ,  t o  achieve a des i r ed  o r b i t ,  correct i n s e r t i o n  maneu- 
v e r s  be performed a t  prescr ibed  l o c a t i o n s ,  such as the perispsis 
of the e n c o u t e r  hyperbola,  i n  order t o  avoid excess ive  t r i m  
p r o p e l l a n t  

Evident ly  an orbi ter  mission i s  capable  o f  performing 
a l l  t h e  s c i e n t i f i c  o b j e c t i v e s  ( r e l a t i v e  t o  t h e  t a r g e t  p l a n e t )  
of a s ing le-pass  f lyby  m i s s i o n  and much more. From t h e  p o i n t  
of view of  t r a j e c t o r y  des ign ,  nav iga t ion ,  and guidance, t h e  
impor tan t  c o n t r i b u t i o n  of p l ane ta ry  o r b i t e r  missions i s  i n  
improving t h e  accuracy of  (a )  t h e  g r a v i t a t i o n a l  f i e l d  d i s t r i -  
bu t ion  of t h e  t a r g e t  p l a n e t ,  (b)  t h e  as t ronomical  u n i t  i n  abso- 
l u t e  l e n g t h ,  (c)  t h e  ephemerides of t h e  earth and t h e  t a r g e t  
p l a n e t  because of t h e  r e l a t i v e  v e l o c i t y  motions between t h e  
ear th-centered  observer  and t h e  t a rge t -p l ane t - cen te red  o r b i t e r ,  
(d )  t h e  t a r g e t  p l a n e t  diameter through repea ted  o c c u l t a t i o n  
experiments ,  (e) t h e  comprehensive atmosphere p r o f i l e  and 
composition through repea ted  o c c u l t a t i o n  experiments.  An 
a c c u r a t e  knowledge of t h e  p l a n e t  r ad ius  i s  important  f o r  space- 
c ra f t -based  o p t i c a l  celest ia l  naviga t ion  measurements. I t  i s  
noted  t h a t  i t e m s  (a )  through ( e )  assumes t h a t  t h e  o r b i t  param- 
eters of a p l a n e t a r y  o rb i t e r  can be determined w i t h i n  a few 
days of t r a c k i n g  us ing  t h e  p r e s e n t  DSN c a p a b i l i t i e s .  
s tudy  17] indeed shows . t h a t  t h i s  can be done. 

Recent 

The accuracy i n  measuring t h e  m a s s  of t h e  target p l a n e t  
cannot  be improved by means of a p l a n e t a r y  o r b i t e r  and t h i s  i s  
also v e r i f i e d  i n  a recent study"'. This  i s  mainly due t o  t h e  
fact  that the mass and semi-major a x i s  of an e l l i p t i c a l  o r b i t  are 
h igh ly  c o r r e l a t e d  through t h e  energy equat ion.  This  i s  why the 

*Experiments are now under way that are expected t o  improve 
t h e  accuracy by a t  least  t w o  o rde r s  of magnitude. 
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ear th mass va lue  i s  determined by l u n a r  and p l a n e t a r y  probes 
and n o t  by e a r t h  s a t e l l i t e s  which y i e l d  informat ion  on e a r t h  
g r a v i t a t i o n a l  f i e l d  harmonics. 

Because of t h e  cont inuing improvement i n  t h e  accu- 
racies of t h e  as t ronomica l  u n i t  and of masses of  Mars and Venus 
through t h e  combination of r ada r  bouncing measurements and the  
Mariner series miss ions ,  a p l ane ta ry  o r b i t e r  t o  Mars o r  Venus 
w i l l  l i k e l y  be i n s e r t e d  close t o  t h e  p r e s c r i b e d  o r b i t  w i thou t  
e i t h e r  c a r r y i n g  excess ive  t r i m  p r o p e l l a n t  o r  t h e  use of a space- 
c raf t -based  approach naviga t ion  system. Dixon [31  ci tes pre- 
l iminary  r e s u l t s  i n d i c a t i n g  t h a t  e n t r y  i n t o  J u p i t e r  o r b i t  could 
be accomplished by t h e  ear th-based nav iga t ion  system a lone ,  f o r  
an o r b i t  of  1.5 r ad i i  ( p e r i a p s i s )  x 35 r a d i i  ( apoaps i s )  w i t h  
3-sigma u n c e r t a i n t y  of 0 . 1  and 0 . 4  r a d i i ,  r e s p e c t i v e l y .  I t  i s  
probable  t h a t  o r b i t e r  m i s s i o n s  t o  Mercury o r  t h e  o u t e r  p l a n e t s  
may need a supplementary spacecraf t -based approach nav iga t ion  
system as a t rade-of f  f o r  reducing c o r r e c t i v e  f u e l  l oad ing  t o  
ir?sert the o r b i t e r  i n t o  a ------'L t.'Le"C;.L'Ued orbit. 

(3)  Landing Missions 

On t h e  assumption that through p l a n e t a r y  f lyby  and 
o r b i t e r  missions t h e  nav iga t iona l  d a t a  a c q u i s i t i o n  r equ i r e -  
ments ( accu rac i e s  of t h e  g r a v i t a t i o n a l  f i e l d ,  as t ronomical  
u n i t ,  ephemerides, mass, r ad ius ,  and atmospheric p r o f i l e  and 
composition) are s a t i s f i e d ,  success fu l  s o f t  l anding  w i t h i n  a 
p re sc r ibed  reg ion  on a p l a n e t  can be achieved. This  r e q u i r e s ,  
however, t h e  a i d  of  a proper  spacecraf t -based descen t  navi- 
g a t i o n  and guidance system, provided t h e  atmospheric model of 
t h e  t a r g e t  p l a n e t  i s  reasonably def ined  from t h e  long-term 
r e s u l t s  of  t h e  prev ious  o r b i t e r  measurements. 

From t h e  t r a j e c t o r y  p o i n t  of view there can be t h r e e  
modes of landing.  
on a t a r g e t  p l a n e t  v i a  a hyperbol ic  f lyby  landing  p a t h ,  wi th  
"vacuum" p e r i a p s i s  less than  t h e  t a r g e t  p l a n e t  r a d i u s .  This  i s  
e s s e n t i a l l y  t h e  Ranger o r  Surveyor type  of landing  on a p l a n e t ,  
t a k i n g  i n t o  account t h e  atmosphere of  reasonably de f ined  p r o p e r t i e s .  
The  second mode i s  t o  i n j e c t  a landing  probe from a hyperbol ic  
f lyby  s p a c e c r a f t ,  a n d ' t h e  t h i r d  mode i s  t o  i n j e c t  t h e  landing  
probe from t h e  s p a c e c r a f t  a f t e r  t h e  s p a c e c r a f t  i s  i n s e r t e d  i n t o  a 
p l a n e t a r y  o r b i t .  The choice of a p a r t i c u l a r  mode depends on t h e  
o v e r a l l  mission o b j e c t i v e s  and propuls ion  weight  t r a d e o f f s .  S ince  
t h e  l o c a t i o n  of t h e  spacec ra f t  wi th  r e s p e c t  t o  t h e  ta rge t  p l a n e t  
can be more p r e c i s e l y  determined f o r  an o r b i t i n g  s p a c e c r a f t  t han  
f o r  a s ingle-pass  f l y b y  s p a c e c r a f t ,  it i s  expected t h a t  a s o f t  
l and ing  probe i n j e c t e d  from an o r b i t e r  can reach a p resc r ibed  
r eg ion  on t h e  target p l a n e t  w i t h  b e t t e r  p r e c i s i o n .  

The f i r s t  mode i s  t o  land  a s p a c e c r a f t  d i r e c t l y  

I n  a d d i t i o n ,  
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t h e  excess v e l o c i t y  above t h e  p l a n e t a r y  cap tu re  l i m i t  i s  a l r e a d y  
removed by deboost ing t h e  o r b i t e r  i n t o  o r b i t  so t h a t  t h e  probe 
v e l o c i t y  which must be removed by e i t h e r  aerodynamic o r  retro- 
b rak ing  has  been s u b s t a n t i a l l y  reduced t o  s i m p l i f y  t h e  landing  
approach. The spacecraf t -based or  probe-based descen t  nav iga t ion  . 
and guidance system t o  land t h e  probe w i t h i n  t h e  p r e s c r i b e d  
r eg ion  on t h e  t a r g e t  p l a n e t  might be s i m i l a r  i n  concept  t o  t h a t  
of  t h e  Apollo Lunar module landing ,  except  where t h e  "vacuum" 
e n t r y  must be rep laced  by an atmospheric e n t r y .  

( 4 )  Swingby Missions: 

Swingby missions usua l ly  refer t o  those  missions i n  
which a s p a c e c r a f t  u t i l i z e s  t h e  g r a v i t a t i o n a l  p e r t u r b a t i o n  of  
an i n t e r m e d i a t e  p l a n e t  du r ing  f lyby  t o  reshape i t s  t r a j e c t o r y  
i n  o r d e r  t o  reach a t h i r d  p l a n e t ,  whereas a f lyby  mission a i m s  
t o  pass  on ly  by one t a r g e t  p l ane t .  
ments i n c r e a s e  r a p i d l y  as d i r e c t  b a l l i s t i c  f l i g h t s  pas s  o u t s i d e  
Mars' o r b i t  o r  i n s i d e  Venus' o r b i t .  Thus high launch e n e r g i e s  
are r e q u i r e d  f o r  f l i g h t s  t o  e i t h e r  Mercury or Z u p i t e r .  For 
missions t o  Mercury o r  beyond J u p i t e r ,  swingby ( g r a v i t y - a s s i s t e d )  
trajectories appear most a t t r a c t i v e .  For example, i n  1973 a 
mission t o  Mercury via  a c lose  encounter  wi th  Venus i s  a swingby 
mission reducing  launch energy by about  50% (C3=Vm2/2 of about 

Launch v e h i c l e  energy requi re -  

CI CI r\ 

18 km'/sec' i n s t e a d  of 42 km'/secL f o r  minimum energy direct 
f l i g h t  of  comparable f l i g h t  t i m e ) .  

Because of i t s  r e l a t i v e l y  s m a l l  mass wi th  r e s p e c t  t o  
J u p i t e r ,  Mars is  of l i t t l e  o r  no h e l p  f o r  g r a v i t y - a s s i s t e d  
missions r e q u i r i n g  s h o r t  f l i g h t  t i m e  t o  J u p i t e r .  On t h e  other  
hand, due t o  i t s  r e l a t i v e l y  l a r g e  mass, J u p i t e r  can be very 
a t t rac t ive  for  g r a v i t y - a s s i s t e d  missions t o  Sa turn  and/or o t h e r  
o u t e r  p l a n e t s .  For missions beyond J u p i t e r ,  t h e  s i g n i f i c a n t  
advantage of swingby missions when compared wi th  d i r e c t  b a l l i s t i c  
missions are: (a) f l i g h t  time can be d r a s t i c a l l y  reduced and 
(2) through e f f i c i e n t  t r a j e c t o r y  des ign  launch energy r equ i r e -  
ments are n o t  s u b s t a n t i a l l y  g r e a t e r  than  those  t o  reach J u p i t e r  
a lone .  As shown i n  Figure 4 ,  [71  f o r  example, f l i g h t  t i m e  t o  
Sa tu rn  via  a 1978 J u p i t e r  swingby amounts t o  about  50% (from 
6 . 1  y e a r s  t o  3.3 y e a r s )  of the  direct  t r a n s f e r  t i m e  f o r  t h e  

minimum launch energy'C3 of 109 km /sec2, and t h a t  t o  Neptune 
via a 1979 J u p i t e r  swingby amounts t o  only about 25% (from 30.7 
y e a r s  t o  7.7 yea r s )  of t h e  d i r e c t  t r a n s f e r  t i m e  f o r  t h e  minimum 
energy of 135 km /sec . A l t e r n a t i v e l y ,  f o r  t h e  same t r a n s i t  t i m e  of 

2 Of about  6 y e a r s ,  launch energy can be reduced from 157 k m  /sec2 f o r  

2 

2 2 



BELLCOMM, INC. - 8 -  

2 Uranus d i r e c t  t r a n s f e r  t o  115 km /sec2 f o r  a 1979 J u p i t e r  swingby 
t o  Uranus. Other  p o s s i b l e  comparisons can a lso be ob ta ined  from 
Figure  5. Mul t ip l e  target t r a j e c t o r i e s  such as t h e  Ear th-Jupi te r -  
Saturn-Uranus-Neptune "grand tour"  can be completed i n  a J u p i t e r  
swingby f l i g h t  of about  8.5 yea r s  f o r  a launch energy of about  
130 km /sec2 or about  1 2  years  for  a launch energy of  about  
90  km /sec . 

2 
2 2 

Spacec ra f t  energy gain (or loss) du r ing  swingby i s  t h e  
r e s u l t  of t h e  work done on the  s p a c e c r a f t  by t h e  g r a v i t a t i o n  
f i e l d  of t h e  in t e rmed ia t e  p l a n e t  moving re la t ive t o  t h e  i n e r t i a l  
h e l i o c e n t r i c  coord ina te  system. The h e l i o c e n t r i c  energy o f  t h e  
s p a c e c r a f t  may be inc reased  (or decreased)  when t h e  s p a c e c r a f t  
pas ses  f r o m  t h e  t r a i l i n g - e d g e  (or leading-edge) of  a p l a n e t .  
When t h e  angle  between t h e  p l a n e t ' s  v e l o c i t y  v e c t o r  and t h e  p e r i -  
c e n t e r  d i r e c t i o n  i s  larger than f n / 2 ,  t h e  s p a c e c r a f t  makes a 
t r a i l i n g - e d g e  passage of  t h e  p l a n e t  and g a i n s  energy. 

For c e r t a i n  swingby missims a s p a L G & . L . a A  ------ -Fc=L L uased approach 
nav iga t ion  system appears  t o  be necessary.  The r i n g s  of  Sa tu rn  
l i e  w i t h i n  t h e  Roche l i m i t  (2.46 Sa turn  r a d i i )  and c o n s i s t  of many 
s m a l l  p a r t i c l e s  o r b i t i n g  i n  t h e  e q u a t o r i a l  p lane  of  Sa turn .  
Three r i n g s ,  ex tending  approximately from 1 . 2  t o  2 .4  Sa turn  r a d i i ,  
are noted  and t h e s e  r i n g s  should be avoided i n  f l i g h t  pa ths .  For 
d e t a i l e d  observa t ion  o f  Saturn,  a s p a c e c r a f t  must pass between 
Sa tu rn  and t h e  i n n e r  r i n g .  
requirement comparison between a mission wi th  t h e  ear th-based 
nav iga t ion  system a lone  and t h a t  supplemented by a spacec ra f t -  
based nav iga t ion  system, Kingsland ['] p r e sen ted  i n  Table 2 a 
comparison of  p r o p e l l a n t  requirements f o r  t y p i c a l  Grand Tour 
Missions t o  be launched i n  1977  and 1978 and i n  Table 3 a s e t  of  
t y p i c a l  maneuvers f o r  an i n t e r i o r  mission t o  be launched i n  1977. 
E x t e r i o r  r i n g  missions would r e s u l t  i n  more d i s t a n t  p l a n e t a r y  
approaches and smaller f lyby  bending ang le s  and thus  produce a 
lesser magni f ica t ion  of p o s i t i o n  and v e l o c i t y  errors. As a 
r e s u l t ,  e x t e r i o r  missions w i l l  be less c r i t i c a l  from t h e  p o i n t  
of  view of  nav iga t ion  accuracy requirement  and t h u s  r e q u i r e  
smaller maneuver p r o p e l l a n t  as shown i n  Table 2. The use of  
supplementary spacecraf t -based o p t i c a l  nav iga t ion  could reduce 
maneuver p r o p e l l a n t  requirements d r a s t i c a l l y ,  e s p e c i a l l y  for  t h e  
i n n e r  r i n g  missions as shown i n  T a b l e  2 .  I n  o r d e r  t o  correct 
f o r  t h e  accumulating e f f e c t  of va r ious  s m a l l  errors i n  s p a c e c r a f t  
guidance and t o  maintain navigat ion accuracy w i t h i n  allowable 
l i m i t s ,  it w i l l  be  necessary t o  perform corrective maneuvers 
s h o r t l y  a f t e r  d e p a r t i n g  each p l a n e t  and s h o r t l y  before  a r r i v i n g  
a t  t h e  nex t  p l a n e t  as shown i n  Table 3. F r i e d l a n d e r ' s  estimates 

To obtain a crude i d e a  of p r o p e l l a n t  

[ l o 1  
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f o r  t h e  1977 mission are f a i r l y  close t o  Kingsland 's .  The 
post-encounter  maneuvers are performed t o  e l i m i n a t e  t h e  errors 
r e s u l t i n g  from inaccuracy i n  e s t i m a t i n g  t h e  g r a v i t a t i o n a l  
d e f l e c t i o n  due t o  t h e  mass o f  t h e  encounter  p l a n e t .  Because 
of the u t i l i z a t i o n  of t h e  in t e rmed ia t e  p l a n e t  g r a v i t y - a s s i s t ,  
the  post-encounter  t r a j e c t o r y  is  very s e n s i t i v e  t o  encounter  
p o s i t i o n  errors of t h e  s p a c e c r a f t  w i t h  r e s p e c t  t o  t h e  i n t e r -  
mediate p l a n e t .  T o  achieve the desired near-encounter p o s i t i o n  
a t  t h e  n e x t  p l a n e t ,  it i s  necessary t o  c o n t r o l  p r e c i s e l y  both 
t h e  encounter  and post-encounter t r a j e c t o r y  a t  t h e  preceding  
p l a n e t .  With a spacecraf t -based  approach nav iga t ion  system, t h e  
necessary  guidance maneuvers both befo re  and a f t e r  each p l a n e t  
encounter  could be performed much e a r l i e r  w i t h  much s m a l l e r ,  
and therefore e f f i c i e n t ,  f u e l  expendi ture .  I t  i s  clear, however, 
t h a t  the s i g n i f i c a n t  advantages of t h e  Grand Tour are ob ta ined  
a t  the expense of inc reased  naviga t ion  accuracy requirements .  

I t  can t h e r e f o r e  be said t h a t  a supplementary s p a c e c r a f t -  
based approach nav iga t ion  systems i s  necessary f o r  certain swingby 
missions t o  o u t e r  p l a n e t s  and i s  h igh ly  desirable, i f  n o t  necessa ry ,  
f o r  d i rect  t r a n s f e r  t o  an o u t e r  p l a n e t .  P re fe rab ly  any adopted 
spacecraf t -based  approach naviga t ion  system should be inc luded  i n  
t h e  first J u p i t e r  f lyby  mission i n  o r d e r  t o  f i e l d - t e s t  t h e  system. 

Because of i t s  extremely l a r g e  mass and i t s  r e l a t i v e l y  
l a r g e  d i s t a n c e  from the Sun, the  r a d i u s  o f  t h e  sphere  of i n f l u e n c e  
of J u p i t e r  i s  about  50 m i l l i o n  kilometers o r  one - th i rd  of  one A.U. 
The dominant t r a n s i t i o n  region between the S u n  and J u p i t e r  ex tends  
about  50-100 m i l l i o n  kilometers whereas t h a t  between Sun and Mars 
o r  Venus is  almost n e g l i g i b l e .  Accordingly t h e  three-body e f f e c t  
on a s p a c e c r a f t  i n  t h e  t r a n s i t i o n  reg ion  i s  much more pronounced 
i n  t h e  case of J u p i t e r  than i n  t h e  case of  Mars, o r  Venus, and 
any spacecraf t -based  naviga t ion  and guidance computation f o r  o u t e r  
p l a n e t  missions must be based on three-body formula t ion ,  n o t  on 
patched conic  type  two-body formulat ion.  

Spacecraft-Based Approach Navigation System 

Possible spacecraf t -based  approach nav iga t ion  and 
guidance systems t o  be used dur ing  t h e  approach phase t o  a p l a n e t  
i n c l u d e  (A) radar ranging from t h e  s p a c e c r a f t  t o  t h e  p l a n e t ,  
(B)  t e l e v i s i o n  p ic ture ' s .  of the  t a r g e t  p l a n e t  w i t h  s t a r  background 
p a t t e r n ,  and (C) celestial  o p t i c a l  measurements of s p a c e c r a f t -  
c e n t e r e d  angles  between t w o  r e fe rence  f e a t u r e s .  

o t h e r  l i m i t a t i o n s ,  t h e  radar ranging method w i l l  n o t  be considered 
here .  I n  t h e  TV nav iga t ion  concept,  t e l e v i s i o n  p i c t u r e s  of t h e  
target  p l a n e t  are taken w i t h  t h e  f i e l d  of view l a r g e  enough t o  

Because of t h e  unknown s t a t e  o f  p l a n e t a r y  f e a t u r e s  and 
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i nc lude  a s t a r  p a t t e r n  background. T h e  p o s i t i o n  of t h e  target  
p l a n e t  image on t h e  screen r e l a t i v e  t o  t h e  s t a r  p a t t e r n  image 
d e f i n e s  t h e  d i r e c t i o n  of t h e  t a r g e t  p l a n e t  i n  i n e r t i a l  space.  
A v i s u a l  image system capable  of d e t e c t i n g  t h e  p l a n e t  d i s c  and 
f o u r t h  magnitude stars is  expected t o  achieve a nominal 3-sigma 
p lane t -center - f ind ing  e r r o r  of 1/3% of  t h e  angu la r  diameter of 
t h e  p l ane t12 ] .  
t h e  t a r g e t  p l a n e t  can be made compatible wi th  approach s c i e n c e  
TV requirements.  The TV'p ic tures  are t r a n s m i t t e d  t o  t h e  e a r t h  
f o r  a n a l y s i s .  T h i s  r e q u i r e s ,  however, a r e l a t i v e l y  l a r g e  amount 
of t r a n s m i t t e d  d a t a ,  and some form of  data compression may be 
needed. I t  i s  ev iden t  t h a t  the  images of t h e  n a t u r a l  sa te l l i t es  
of a p l a n e t  can a l so  be used t o  determine the d i r e c t i o n  of  the 
c e n t e r  of  t h e  mother p l a n e t  [ l11 .  
t a i n i n g  n a t u r a l  sa te l l i t e  images of  a p l a n e t  would y i e l d  a p r e c i s e  
estimate of t h e  p o i n t i n g  d i r e c t i o n  t o  t h e  p l a n e t .  

I t  i s  probable t h a t  TV requirements  f o r  l o c a t i n g  

Star  images i n  TV frames con- 

The o p t i c a l  measurements from the spacecraft may rnm- 
p r i s e  b a s i c a l l y  a sequence of angle  measurements between t w o  
r e fe rence  f e a t u r e s .  The  angle between t h e  Sun (or  S t a r l )  and 
t h e  p l a n e t  i s  t h e  cone angle  and the angle  between t h e  Sun (or 
Star ) - spacec ra f t -p l ane t  plane and t h e  Sun (or  S ta r l ) - spacec ra f t -  
Star2 plane i s  t h e  clock angle. The c e n t e r  of the  p l a n e t  can be 
l o c a t e d  by t w o  s t a r - ( p l a n e t a r y )  hor izon  measurements on oppos i t e  
sides of t h e  p l a n e t  ( t h u s  the  angle  subtended by t h e  p l a n e t  a lso)  
o r  by a p l a n e t  cen ter - f ind ing  device such a s  t h e  p l a n e t  t r a c k e r -  
scanner .  Note t h a t  t h e  cone and clock angles  are analogous t o  
c o l a t i t u d e  and l a t i t u d e ,  r e s p e c t i v e l y ,  on t h e  c e l e s t i a l  sphere  
wi th  the Sun a t  t h e  pole .  The cone and clock angle  measurements 
provide information about the p o s i t i o n  d e v i a t i o n  pe rpend icu la r  
t o  t h e  d i r e c t i o n  of  t h e  t a r g e t  p l a n e t  s i g h t e d ,  whereas t h e  
angular  diameter  measurements provide informat ion  about  p o s i t i o n  
dev ia t ion  i n  t he  d i r e c t i o n  of t h e  target p l a n e t .  

1 

I n  t h e  spacecraf t -based nav iga t ion  procedure an appro- 
p r i a t e  schedule  of angle  measurements i s  made du r ing  t h e  approach 
phase and, i n  o r d e r  t o  cont inuously t a k e  advantage o f  t h e  m o s t  
r e c e n t  " b e s t  estimate" i n  p r e d i c t i n g  obse rva t ions ,  t h e  Schmidt- 
Kalman r e c u r s i v e  f i l t e r i n g  technique i n s t e a d  of t h e  least  square  
ba tch  f i l t e r i n g  technique i s  used t o  process  the o rb i t  determi- 
n a t i o n  information.  A t  each observa t ion ,  t h e  es t imated  va lue  
of t h e  measured q u a n t i t y  is determined from t h e  p r e s e n t  estimate 
of t h e  p o s i t i o n  and v e l o c i t y  of t h e  s p a c e c r a f t  and i s  compared 
w i t h  the measured value.  
and v e l o c i t y  i s  c a l c u l a t e d  as a l i n e a r  func t ion  o f  t he  d i f -  
f e r ence  between the es t imated  and measured va lues .  The a c t u a l  
computation can be done e i t h e r  by t h e  s p a c e c r a f t  computer, i f  
available, o r  w i t h  earth-based computing f a c i l i t i e s .  

A r ev i sed  estimate of  t h e  p o s i t i o n  
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Stud ies  [12-141 have shown t h a t  i n c r e a s i n g  t h e  
measurement d e n s i t y  of ang le s  h a s  a s imi la r  effect  as dec reas ing  
t h e  n o i s e  i n  measurements. Instrument b i a s e s  may be estimated 
simply as a d d i t i o n a l  system parameters.  The ang le  biases 
i n i t i a l l y  degrade t h e  accuracy i n  determining the  o r b i t  param- 
e ters ,  b u t  i nc reas ing  t h e  number of measurements t o  s u f f i c i e n t  
e x t e n t  y i e l d s  a lso accura t e  estimates of t h e s e  b i a s e s .  Accordingly 
the  system soon becomes r e l a t i v e l y  i n s e n s i t i v e  t o  the  i n i t i a l  
u n c e r t a i n t i e s  i n  t h e  b i a s e s .  The c o n t r o l l i n g  e r ror  appears  t o  be 
t h e  p l a n e t  cen te r - f inde r  error as a pe rcen t  of  t h e  p l a n e t  angular  

diameter. 
based nav iga t ion  measurements a r e  supplemented by s p a c e c r a f t -  
based celest ia l  o p t i c a l  measurements dur ing  a Grand Tour Mission, 
there i s  l i t t l e  advantage i n  improving t h e  cen te r - f ind ing  
accuracy beyond t h e  1% level.  

It  has,  however, been shown [ 2 1  t h a t  when t h e  earth- 

I n  an a t tempt  t o  get a rough i d e a  o f  t h e  r e q u i r e d  
p o i n t i n g  accuracy of a space s e x t a n t  or  p l a n e t  tracker, r e fe rence  
can he made t o  t h e  p rev ious ly  mentinned 3-si3rna ephemeris m&r- 
t a i n t y  of 3000 k m  f o r  t h e  case of J u p i t e r .  L e t  us assume t h a t  
t h e  r e s u l t a n t  m i s s  unce r t a in ty  of t h e  ear th-based o r b i t  determina- 
t i o n  f o r  t h e  J u p i t e r  mission is about 2 x 3000 km.  L e t  US a l so  
assume t h a t  t h e  f i r s t  angular  measurement be made a t  a d i s t a n c e  
o f  about  t w i c e  t h e  r a d i u s  of sphere of  i n f l u e n c e ,  which f o r  
J u p i t e r  i s  about one hundred mi l l i on  k i lome te r s .  This  means t h a t ,  
t o  be equ iva len t  t o  t h e  DSN accuracy, t h e  f i r s t  angular  measure- 
ment  must be accu ra t e  t o  r a d i a n ,  o r  about  twelve arc sec 

(3-sigma). T h i s  accuracy improves, as t h e  s p a c e c r a f t  approaches 
c l o s e r  t o  t h e  p l a n e t .  A s  the  number of measurements accumulates,  
the  Schmidt-Kalman f i l t e r i n g  process can improve t h e  o r b i t  para- 
meter e s t ima t ion  accuracy. S i m i l a r  a n a l y s i s  f o r  o t h e r  o u t e r  
p l a n e t s  shows a s l i g h t l y  re laxed  accuracy requirement;  namely, 
2 0  arc  sec fo r  Sa tu rn ,  50 a r c  sec f o r  Uranus and Neptune. T o  
o b t a i n  a s i g n i f i c a n t  improvement over  t h e  D S N ,  t h e  spacec ra f t -  
based angular  measurement accuracy should be bet ter  than twelve 
arc sec, s a y ,  by a factor o f  two. Accordingly,  s i x  arc sec 
(3-sigma) appears  t o  be t h e  adequate and p r a c t i c a l  accuracy 
requirement f o r  spacecraf t -based approach nav iga t ion  devices  t o  
be used on o u t e r  p l a n e t  missions.  S i m i l a r  a n a l y s i s  f o r  Mars o r  
Venus missions i n d i c a t e s  t h a t  t h e  accuracy requirement  i s  roughly 
an order of magnitude lower (1 arc minute) t han  t h a t  f o r  o u t e r  
p l a n e t  missions.  
t i o n  and spacecraf t -based  c e l e s t i a l  nav iga t ion  i s  shown i n  

[ l o 1  F igu re  6 
Grand Tour. T h e  spacecraf t -based celest ia l  ins t rument  i s  assumed 
t o  have a three-sigma accuracy of s i x  arc sec and measurements 
are made a t  t h e  ra te  of one every t w o  hours.  
ment bias i s  200 arc sec and the a p r i o r i  p l a n e t  c e n t e r - f i n d e r  
b i a s  i s  1/3% p l a n e t  diameter .  

6ooo  

1oox106 

A sample comparison of t h e  earth-bound naviga- 

fo r  t h e  Uranus approach of  t h e  1977 i n n e r  r i n g  

T h e  a p r i o r i  i n s t r u -  
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Flander ,  e t  a l ,  r e p o r t  t h a t  an au tomat ic  "Sextant"  
nav iga t ion  ins t rument  w i t h  t w o  l i n e s  of  s i g h t  which s imultaneously 
view t w o  nav iga t ion  r e f e r e n c e  t a r g e t s  i s  r e p o r t e d  t o  be capable  
o f  20 arc sec (one-sigma) accuracy, and ano the r  au tomat ic  s ex tan t -  
type  ins t rument  is  es t ima ted  t o  be capable  of 3 arc sec (one- 
sigma) accuracy. H e  also r e p o r t s  t h a t  a s e q u e n t i a l  ins t rument  
( u t i l i z i n g  a scanner  photometer mated t o  a r i n g  laser)  which has  
one l i n e  o f  s i g h t  t h a t  f i r s t  l o c a t e s  one ta rge t  and then  r o t a t e s  
t o  locate t h e  second target,  has an a n t i c i p a t e d  accuracy o f  about 
1 arc sec (one-sigma). 

I t  is  clear t h a t  angle  measurement u n c e r t a i n t i e s  l i m i t  
the nav iga t ion  accu rac i e s  achievable .  From t h e  s imula t ion  
r e s u l t s  E12-161 t h e  fol lowing conclusions aan be drawn: 

(1) For a given measurement schedule ,  t h e  nav iga t ion  
accuracy du r ing  t h e  approach phase i s  approximately p r o p o r t i o n a l  
t o  t h e  angle  measurement accuracy and i s  e s s e n t i a l l y  independent 
of ephemeris and as t ronomica l  u x i t  uncertainties. 

( 2 )  For uncorre la ted  measurement u n c e r t a i n t i e s ,  an 
improvement i n  nav iga t ion  accuracy dur ing  t h e  approach phase 
can be  obta ined  simply by inc reas ing  t h e  number of measurements. 

( 3 )  The f u e l  requi red  f o r  c o r r e c t i o n  maneuvers dur ing  
the approach phase t o  achieve a p r e s c r i b e d  guidance accuracy a t  
t h e  t a r g e t  p l a n e t  i s  approximately p r o p o r t i o n a l  t o  t h e  ang le  
measurement unce r t a in ty .  
earl ier and more a c c u r a t e  co r rec t ion  maneuvers and thus  a con- 
siderable reduced t o t a l  f u e l  expendi ture  f o r  c o r r e c t i o n  maneuvers. 

More accura t e  angle  measurements enable  

( 4 )  Landmark t r a c k i n g  through o p t i c a l  angle  measure- 
ments i s  a u s e f u l  nav iga t ion  technique when t h e  s p a c e c r a f t  i s  i n  
t h e  encounter  phase w i t h  t h e  t a r g e t  p l a n e t  o r  i s  o r b i t i n g  t h e  
ta rge t  p l a n e t .  

Manned Missions 

For manned miss ions ,  subsystem redundancy becomes a 
prime requirement i n  o r d e r  t o  i n s u r e  s i g n i f i c a n t l y  improved 
mission r e l i a b i l i t y .  Sn add i t ion  t o  t h e  need of l i f e  suppor t  
systems f o r  manned missions,  the obvious major d i f f e r e n c e  
between a manned and unmanned mission of any type  ( f lyby ,  o r b i t a l ,  
l anding  or  swingby) i s  t h a t  a s u c c e s s f u l  manned mission must 
i nc lude  a r e t u r n  t r i p .  Because of t h e  long d u r a t i o n  o f  t h e  round 
t r i p  for  a p l ane ta ry  manned mission, long-term redundancy reli- 
a b i l i t y  i s  mandatory. The measure of  success  o f  an unmanned 
mission is  gene ra l ly  judged by t h e  q u a n t i t y  and q u a l i t y  of 



BELLCOMM, I N C .  - 1 3  - 

recovered da ta .  Thus i f  communication w i t h  an unmanned space- 
c r a f t  i s  l o s t ,  cont inued func t ioning  of t h e  nav iga t ion ,  guidance,  
and c o n t r o l  system i s  no longer  r e l e v a n t .  Accordingly f o r  an 
unmanned s p a c e c r a f t  t h e  naviga t ion  system does n o t  r e q u i r e  a 
s i g n i f i c a n t l y  g r e a t e r  r e l i a b i l i t y  t han  t h e  remainder of t h e  
payload. For a manned mission, however, h i g h e r  r e l i a b i l i t y  
must be imparted t o  t h e  l i f e  suppor t ing  systems and s p a c e c r a f t -  
based nav iga t ion  system i n  order  t o  i n c r e a s e  t h e  p r o b a b i l i t y  
o f  a safe r e t u r n  t r i p .  T h i s  imp l i e s  then t h a t  t h e  spacec ra f t -  
based autonomous approach naviga t ion  system becomes a mandatory 
redundancy nav iga t ion  system f o r  manned p l ane ta ry  missions.  

Conclusions 

I n  an o r d e r l y  exp lo ra t ion  of p l a n e t s ,  t h e  data acqui- 
s i t i o n  requirements f o r  naviga t ion  and guidance i n d i c a t e  t h a t  
unmanned f lyby  missions t o  a t a r g e t  p l a n e t  are e f f e c t i v e  s t e p s  
toward improving t h e  accurac ies  of the mass of t h e  t a r g e t  p l a n e t  
m d  t h e  ast ronomical  u n i t .  Because nf these i m p m v e d  acc.i;racies, 
a subsequent o r b i t e r  mission w i l l  have an inc reased  p r o b a b i l i t y  
of i n s e r t i n g  an o r b i t e r  i n t o  a p re sc r ibed  o r b i t  w i thou t  c a r r y i n g  
excess ive  t r i m  p r o p e l l a n t .  O r b i t e r  missions are expected t o  
supply t h e  fol lowing important improvements i n  t he  accuracy of 
(a)  t h e  t a r g e t  p l a n e t  g r a v i t a t i o n a l  f i e l d  d i s t r i b u t i o n s ,  (b)  t h e  
astronomical  u n i t ,  ( c )  the  ephemerides of t h e  t a r g e t  p l a n e t  and 
t h e  ear th ,  (d) t h e  t a r g e t  p l a n e t  r a d i u s ,  and (e) t h e  comprehen- 
s i v e  atmospheric p r o f i l e  and composition. I n  fac t  i t e m s  ( a )  
through (e) are t h e  naviga t ion  data requirements f o r  subsequent 
landing  missions.  With the aid of t h e  spacecraf t -based  descen t  
nav iga t ion  and guidance system, landing  wi th in  a p re sc r ibed  
l o c a t i o n  can be achieved a f t e r  o r b i t e r  missions have ob ta ined  
accu ra t e  information about items (a)  and (e) above. 

A spacecraf t -based approach nav iga t ion  system f o r  
unmanned p lane ta ry  exp lo ra t ion  i s  p r e f e r a b l e  b u t  n o t  mandatory 
excep t  for  swingby missions.  F o r  c e r t a i n  swingby missions the 
use of spacecraf t -based approach naviga t ion  system can reduce 
t h e  AV guidance requirements by factor  of t w o  t o  four .  The 
spacecraf t -based approach naviga t ion  system could b e  based on 
e i t h e r  t h e  TV concept of  tak ing  target  p l a n e t  p i c t u r e s  wi th  a 
s t a r  p a t t e r n  background o r  the  ce les t ia l  nav iga t ion  concept of 
space angle  measurements. The requirements i n  i d e n t i f y i n g  t h e  
t a r g e t  p l a n e t  p o s i t i o n  w i t h  r e spec t  t o  s t a r  p a t t e r n  background 
( o r  i t s  n a t u r a l  s a t e l l i t e  background) probably can be made 
compatible wi th  approach science TV requirements.  The accuracy 
requirement fo r  ce les t ia l  angle measurements i s  i n  t h e  neighbor- 
hood of s i x  arc sec (three-sigma) f o r  o u t e r  p l a n e t  missions.  
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For manned p lane ta ry  miss ions ,  the spacecraf t -based  
approach nav iga t ion  system appears t o  be mandatory i n  an e f f o r t  
t o  i n c r e a s e  mission r e l i a b i l i t y  through redundancy. 

1014-CCHT-j f 
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NOTE: A f t e r  the completion of this memorandum, a paper  
e n t i t l e d ,  "Guidance and Navigation Requirements f o r  Missions 
t o  the Outer  P lane t s "  by L. A. Manning of OART and D. C. Fraser 
of MIT was  presented  a t  the A I M  8 t h  Aerospace Sc iences  Meet- 
i n g ,  New York, New York, January 19-21, 1970. The r e s u l t 8  of  
t h i s  memorandum are i n  substantial agreement wi th  t h o s e  of  t h e  
paper .  

. 
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